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Introduction
Complex heavy-ion reactions allow producing transient nuclear systems excited in the continuum, well above the particle and fragment emission threshold. Therefore these reactions give a unique opportunity to experimentally probe nuclear systems in extreme conditions of density, temperature and isospin ratio. Because of the extremely short reaction times in the femtosecond range, the properties of these excited nuclei cannot be measured directly but only through the decay products of the reaction. The problem is that the exit channel of these reactions produces a large number of particles and fragments that typically cannot be fully detected on an event-by-event basis, which makes the experimental analysis extremely challenging. On the experimental side, complex detectors based on a (quasi)-4π geometry, with high granularity and low detection and energy thresholds, have been built. In this contribution we will concentrate on one of these last generation detection systems, the GARFIELDRCo multi-detector.
1 From the viewpoint of data analysis, it is clear that complex observables have also to be defined, in order to disentangle the many-body information of the exit channel. Indeed inclusive observables in complex nuclear reactions can lead to conflicting interpretations, since they can typically be reproduced by different models. It is therefore important to extend the comparison to exclusive observables. In particular particleparticle and particle-fragment correlations are an ideal tool to study properties of decaying excited nuclei, and can be used to extract detailed information both on the property of the excited source, and on the mechanism of the decay. In this contribution we will review some of the numerous applications of the correlation function technique. Most of the presented results were obtained in two different measurement campaigns, performed at the LNL tandem in Legnaro.
The plan of the paper is as follows. Sections 2 and 3 briefly recall the main characteristics of the detection system, and the data selection criteria adopted to select quasi-complete detected events, as well as to disentangle the different reaction mechanisms in the measured data sets. Section 4 is devoted to the analysis of the experimental results. The correlation function technique is first introduced in Section 4.1, and then applied to different exclusive observables. Particle-fragment relative energy correlation functions are shown in Section 4.1.1 to give quantitative information on the population of excited states prior to their particle decay. The importance of pairing effects in the nuclear level density is demonstrated. Particleparticle relative energy correlations can be used both to determine the size and lifetime of excited nuclear sources (Section 4.1.2), and to characterize the evaporation sequence of the decay (Section 4.2). In particular, the coupling with the Dalitz plot analysis allows assessing in a model-independent way the simultaneous or sequential character of the decay, the doorway state population, and also to detect exotic structures as linear cluster chains. This interesting application is exploited in Sections 4.2.1 and 4.2.2, which analyze the decay of the Hoyle state excited in peripheral 12 C+ 12 C, and of the exotic 6-α decay of 24 Mg obtained in fusion events. In both cases we show that the data are compatible with an essentially sequential decay, with an important contribution of doorway Be states. Finally, correlations between isotopes yields are analyzed in Section 4.3. They can be used to determine fundamental properties of the excited nuclei, such as their temperature (Section 4.3.1), density, and symmetry energy (Section 4.3.2). Conclusions are drawn in Section 5, where summary and future perspectives are briefly given.
The measurements
The measurements have been performed at Laboratori Nazionali di Legnaro with beams from the Tandem-Alpi complex, in the framework of the INFN NUCL-EX collaboration. a The aim of these measurements consisted The apparatus used is a combination of GARFIELD and RCo detectors, which has been extensively described in Ref. 1 . GARFIELD is made by two drift chambers filled with CF 4 gas at a pressure of 50 mbar. The forward gas chamber is divided in 24 sectors (see Fig. 1 The RCo (Ring Counter) consists in a Ionization Chamber (IC) divided in 8 azimuthal sectors, each one followed by a 8-strip 300 µm thick silicon detector (Si) and 6 CsI(Tl) scintillators (see Fig. 2 ), defining 128 pseudotelescopes. Charge identification can be obtained by ∆E-E technique in IC-Si or Si-CsI telescopes or through PSA in reverse mounted Silicons. We exploited the method of "shape analysis" 4 to separate the most peripheral and the most central reactions. We have built the momentum tensor for all the emitted fragments (Z ≥ 3), extracting eigenvectors and eigenvalues. The event shape is an ellipsoid and it is possible to define the flow angle, θ flow , i.e., the angle between the eigenvector corresponding to the largest eigenvalue and the beam direction. The correlation between the flow angle and the total detected charge allows for selecting central and peripheral events. A further selection for these reactions consists in the condition that at least 50% of the total incoming momentum parallel to the beam is detected. These criteria allow to select peripheral events with Z tot ≤ 25, together with a further condition on cos(θ flow ) ≥ 0.77 to avoid any contamination by non-peripheral events. With these selections we can observe that peripheral events are characterized by a detected charge close to the one of the projectile and a flow angle peaked in the forward direction, as it is shown in Fig. 3 . Central events are selected with the condition of detecting at least 70% of the total charge, i.e., Z tot ≥ 31. They are characterized by a flow angle nearly uniformly distributed over the whole angular range, indicating an approximately isotropic distribution of the emitted fragments. With these selections for central events one finds that there is always a relatively large evaporation residue and a high charged particle multiplicity. 
3.2.
12 C+ 12 C and 14 N+ 10 B reactions A selection of the same type as the one for the S + Ni reactions cannot be performed for these light nuclei reactions, since the multiplicities of charged particles are much lower than in the previous case, and multi-dimensional variables like the flow angle are not suited. Central events have been selected allowing for the detection of the evaporation residue in the forward direction (RCo) and one or more light particles at large θ angles (GARFIELD). The evaporation residues are characterized by a velocity close to the centre of mass velocity of the reaction.
6 A two-dimensional total detected charge vs. total longitudinal momentum can be built. The corresponding plot is shown in Fig. 4 . The fusion-evaporation events are located in the upper right region of Fig. 4 . Due to the large number of events where the total charge is completely detected, a very stringent selection can be made, keeping only events where the total incoming charge (Z tot = 12) and at least 95% of the incoming momentum have been measured.
A subset of peripheral events, corresponding to inelastic reactions 12 C + 12 C → 12 C * + 12 C was also selected, allowing for the detection of three α-particles in the forward cone and no charged particles in the remaining solid angle. In this way we were able to select channels where the quasiprojectile and the quasi-target were in a well defined single quantum state.
In particular we have analyzed events where the quasi-target was left in the ground state and the quasi-projectile was excited in the 7.65 MeV Hoyle 7 or in the 9.64 MeV state. 
Correlations
When comparing experimental results with model predictions it often happens that agreements or discrepancies hardly provide a conclusive validation of the model, especially when different models describe the experimental results with a similar degree of accuracy. This is often the case when inclusive observables are analyzed, such as, in heavy ion reactions, energy or angular distributions of a given light particle or fragment. A deeper insight into the mechanism of a reaction can be obtained exploiting exclusive variables or correlations among observables. Different techniques can be used to emphasize the adequacy of a model to explain physical results, from simple two dimensional plots to sophisticated correlation analyses. In the following we will illustrate some of the methods that have been used to characterize the reactions under study. Three different techniques will be exploited in the next subsections, namely
(1) relative energy particle-fragment correlation functions, which allow studying the properties of the excited fragments in their last stage of de-excitation; (2) Dalitz plots, coupled to the particle-particle correlation function technique, for the characterization of the properties of three-body systems, and their decay mechanism; (3) correlations among isotopes emitted in the decay stage of an excited nucleus, allowing to extract information on the temperature and to shed light on the symmetry energy coefficient C sym .
In Sections 4.1, 4.2 and 4.3 we will show selected results obtained for the reactions described in Sec. 2.
The correlation function technique
The correlation function technique, originally introduced in astronomy to measure the size of distant objects, 9 has been used since the nineties as a powerful tool to investigate size and decay time emission of sources obtained in nucleus-nucleus collisions. 10, 11 It has been applied in a large variety of nuclear reactions and different decay mechanisms.
Starting from p 1 and p 2 , momenta of the two particles 1 and 2, one builds the relative energy E rel =
, where µ is the reduced mass of the two-body system, and calculates the yield Y 12 in a given bin of relative energy. The correlation function is defined as:
where Y 12 is the two-particle coincidence yield of a given pair of particles and the Y i ( p i ) are the single particle yields for the two particles. Following the event mixing method, these quantities are generally extracted from two particles belonging to different events. In this way, with respect to Y 12 one gets rid of the two single particle phase space. When dealing with charged particles, it is necessary to consider the modifications of the two particle phase space by the long range Coulomb and short range nuclear interactions and to disentangle such contributions. March 
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We can write:
where R nucl (E rel ) can be expressed in a Breit-Wigner formalism. 5 As suggested in Refs. 12 and 13 an empirical expression of the Coulomb contribution is given by:
which vanishes at zero relative energy and reaches unity at large relative energy.
A fitting procedure is performed on experimental data with the Coulomb background parameters E C and γ, the nuclear ones and the weight of different contributions of excited states as free parameters. In this way the weight of different excited levels of the source can be determined.
Examples of typical correlation functions and of the resulting fits are shown in Fig. 5 for the deuteron-alpha pair looking for 6 Li * excited state population in peripheral (left panels) and in central (right panels) collisions. Primary yields are calculated by multiplying the nuclear contribution R − R Coul of the correlation function for the uncorrelated yield: Exploiting this technique, one can study the population of fragments excited well above the particle separation threshold, prior to their decay. The results obtained with this procedure can be used for different purposes:
• in heavy ion reaction at or close to Fermi energies the goal is to reconstruct from the final fragments the partition at the freeze-out stage. This allows for comparison with predictions of Statistical multifragmentation models, such as SMM 16 or MMM 17 ; • to investigate the size and emission time of nuclear systems excited in the continuum;
In the following we will present a selection of the results obtained by the NUCL-EX collaboration on these different issues.
Primary fragment reconstruction
The fragment-fragment correlation functions have been used mainly to reconstruct primary fragment distributions. The results shown in Fig. 5 refer to peripheral (left panels) and central (right panels) 32 that again an excellent reproduction of experimental correlation functions can be obtained, and this is true for all the other correlation functions.
14 For the d+ 6 Li correlation function (right panels of Fig. 6 It is important to remark that the fit parameters determine the overall quality of the correlation function, and are not specific to the different excited states. These latter are fully determined by their spectroscopic information (spin, energy and width) which are experimentally known. This means that the determination of the excited state population is reliable even when no peak is visible in the correlation function, as it is the case for the broad resonance around 26 MeV in 8 Be * in Fig. 6 . In the left panels of Fig. 6 , the p + 7 Be correlation function is shown for the reaction 32 S + 64 Ni, as another example of two levels contributing to the excited 8 B * .
Finally in Fig. 7 we show two cases where several levels are involved. In the left panels of Fig. 7 the dominant contribution is given by a 10 B * level around 7.8 MeV, whereas in the right part of the same figure all the levels contribute with more or less the same strength to the excited states of 15 O * . Again, the Breit-Wigner fit allows to extract from any of these correlation functions the relative population of primary fragments, with a reliable separation of the different excited states even when they are not experimentally resolved. The relative energy correlation function technique can be used to extract the "excited levels" temperature of the decaying system. 
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The staggering effect has been found in several reactions. 18 A possible interpretation was given in Ref. 19 . Based on comparison to the evaporation ABLA model, the staggering was tentatively attributed to the difference in the proton and neutron separation energies in the last stage of the decay. In Ref.
14 the "warm" fragment distribution, i.e. the distribution of fragments in the last but one step of the decay sequence, has been reconstructed. As a result, the presence of the staggering effect was evidenced also for the excited fragment distribution, even if in opposite direction with respect to the distribution of final fragments. The counter − staggering of fragments at the last but one step indicates that not only the last decay step is responsible for the odd-even effect, but the effect concerns the whole evaporation chain. This also leads to the conclusion that staggering effects cannot be attributed only to the pairing term in the nuclear mass, but also to the interplay of pairing and isospin effects in the level density.
Size and emission time of hot decaying system
We report in the following selected results for central events of the reaction Au + Au at 35A MeV, 22 with the purpose of showing another use of the fragment-fragment correlation functions. The decay of an equilibrated excited nuclear system can be treated statistically. The assumptions of statistical codes can be a sequence of binary decays 20 or a simultaneous process through the freeze-out stage. 16, 17 The comparison of experimental data to model predictions can be a way to evaluate the size of the source and the emission time of fragments. A correlation function-based, model-independent method to assess the same information is based on the final-state interactions between emitted fragments. Indeed one can define the reduced velocity correlation function, similarly to Eq. (1), as:
with
The background yield N uncorr is built with fragments from different events.
11
The Coulomb repulsion leads to a suppression of the two-fragment correlation function at small relative velocities. The width of this Coulomb hole increases with decreasing time between the emission of two subsequent fragments. The experimental results are then compared to a many body trajectory simulation, 21 starting from a source of radius R S , mass M S and charge Z S . The fragments are emitted sequentially, and their characteristics are obtained by random sampling the experimental yields. Different results are obtained with different emission times τ , with probability distributions P(t)∝ exp(-t/τ ). The Coulomb trajectory calculations for fragments, i.e. the velocities of the emitted fragments in the Coulomb field of the source, are performed randomly sampling the momenta distributions.
As an example of this technique, we show in Fig. 8 the result for the two fragment correlation function measured in central events of the reaction Au + Au at 35A MeV. 22 The experimental data are compatible with very short lifetimes (≈ 85 fm/c) at the limits of the sensitivity of the model, confirming in this case a nearly instantaneous decay of the excited system. Results for other reactions show values of the lifetime more compatible with sequential decay. 
Decay mechanisms of cluster excited states
Another interesting application of correlation function is the study of the decay mechanism of excited cluster states. α-cluster correlations are thought to be ubiquitous structures in a large number of light and mediumheavy even-even nuclei at excitation energies around the threshold of breakup into constituent clusters. [24] [25] [26] [27] From the experimental viewpoint, the presence of some in medium effects could indicate a deviation from a nearly pure sequential mechanism.
No sizeable difference has been found between the two sets of data, 8 even if a quantitative analysis has been possible only for peripheral events, due to the lack of statistics. As an example we show in Fig. 9 one of the correlations used for the analysis, i.e. the energy Dalitz plot of the three α-particles emitted by the 12 C * and the radial projection of the plot.
The upper right panel of Fig. 9 shows the comparison of peripheral data to predictions of a sequential decay obtained with a dedicated HauserFeshbach code (HF , see Ref. 32) , and to three different direct decay mechanisms. These latter correspond to: three particles with equal energies (DDE), a linear α chain (DDL), and a uniform population of the phase space (DDΦ).
The upper limit of the direct decay mechanism resulted (1.1 ± 0.8) %, mainly due to the DDL contribution.
Our data are thus compatible with a sequential decay for this state. It would be interesting to extend this analysis to a heavier source in order
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Decay channels with six α-particles in the final state
An important decay channel is the one with six α-particles in the final state. We have then selected the three α-particles out of the six, corresponding to the minimum total energy value. The energy distribution of these particles is compatible with an excited Carbon where the two lowest particle emitting states at 7.65 MeV and 9.64 MeV are clearly visible, as shown in Fig. 10 . The high energy shoulder is a convolution of levels around 11−12 MeV. We can safely refer to these particles as to a (reconstructed) excited Carbon. For these events, we have investigated the correlation between the three out of the six α-particles identified as reconstructed Carbon, and the set of the three remaining α-particles, hereafter referred to as Pseudo Carbon (PC).
If the mechanism of the decaying 24 Mg * is a sequential statistical evaporation, the reconstructed Carbon represents the residue of the de-excitation, after three sequential α emissions from the compound nucleus. The Carbon then evaporates an α-particle and a 8 Be is formed. In this scenario the three α-particles of the Pseudo Carbon should not show any correlation. This is not the case for the data. In Fig. 11 correlation functions are shown for α-particles belonging to the reconstructed Carbon (left panel) and to the PC (right panel). In both panels peaks corresponding to the ground state of the 8 Be are present. For the PC case also the first 8 Be * With these conditions, two 8 Be resulted in coincidence approximately in the 40% of the six alpha-particle events.
To summarize the results, in competition with the sequential emission of six α-particles the following channels are possible:
where, as mentioned, the two 8 Be can be found either both in the ground state, or one in the ground state and the other in an excited state. Further analysis and experimental data are needed to quantify the weight of these decay chains and link these results to clustering effects in the 24 Mg * or in the 12 C * states.
Correlations among isotopes
In experiments where one can get information on the yield of isotopes emitted in the decay of an excited nucleus, isotope correlations can be built. In particular, the yield of the measured isotopes can give information on:
• the temperature of the decaying excited system, from the ratio of fragment populations measured in a given reaction;
• the scaling behaviour and the symmetry coefficient term C sym , from the analysis of the ratio of isotopes coming from neutron-rich and neutronpoor systems excited in different reactions.
These two applications will be briefly reviewed in the following subsections.
Temperature of the decaying system
A method for extracting the temperature of hot excited systems has been developed in Ref. 34 and exploits correlations between isotopes emitted in the decay stage. The method consists in the calculation of the double ratio of isotopes in the ground state. Some assumptions are needed: a single emission source should be present, neutrons and fragments should be in thermal and chemical equilibrium described by the Maxwell-Boltzmann statistics, and the yield of fragments should be proportional to the source density at the emission time. This latter hypothesis implies a simultaneous decay, which can be experimentally validated through the correlation function technique of Section 4.1.2.
Within these hypotheses, the ratio R of the yields Y of four isotopes is given by:
where a is constant and (7) with BE(A,Z) binding energy of an isotope of mass A and charge Z. In Fig. 12 the temperatures extracted with this method are shown, together with the values corrected for the secondary decays. 13, 36, 37 The fluctuations from the different thermometers should be interpreted as an error bar on the thermodynamical temperature, due to an imperfect event selection or secondary decay correction. The mean value of the temperature is T = 3.20 ± 0.05 for the 32 S + 58 Ni system and T = 3.27 ± 0.005 MeV for the 32 S + 64 Ni one. We can see that close values for the temperatures are extracted for the neutron-rich and neutron-poor system. This indicates that the temperature of an excited system formed in central collisions does not appreciably depend on the isospin. 
The isoscaling and the symmetry energy
Obtaining information on the symmetry energy of an excited nucleus is one of the challenging item studied in recent heavy ion physics literature. One possible method is based on the measurement of isotope yields in two reactions involving nuclei of similar masses and different N/Z ratios. 38 Both statistical and dynamical models 39 indicate that the isotopic composition of fragments is sensitive to the symmetry energy and its surface and density dependence. In the grand canonical model, the ratio of the primary fragment yield depends exponentially on the neutron and proton number, which is referred to as isoscaling. We can write:
with Y 1 and Y 2 as the yield of the same (N,Z) fragment emitted by the neutron rich and neutron poor systems, respectively. C is a normalization constant, and α and β are the isoscaling parameters. The first parameter can be related to the symmetry energy coefficient:
where Z 1 (Z 2 ) and A 1 (A 2 ) are charge and mass of the neutron rich (poor) fragmenting system. According to Eq. (9), an estimate of the C sym coefficient can be obtained by the measurement of the temperature of the system and the neutron to proton ratio of the emitted fragments.
39
The yields appearing in Eq. (8) Fig. 13 . We can 
41
Finally calculating the value of C sym from the α parameter, one obtains 12 and 14 MeV for central and semi-central events, respectively. These values are very different from C sym ≈ 25 MeV expected for saturated matter at zero temperature. Again, such low values of C sym are consistent with previous experiments. 40 From the theoretical point of view, these values can be understood as an effect of the low density associated to the excited nuclear sources, both because of the surface contribution and because of the expansion induced by the high excitation energy. 
Conclusions and perspectives
In this paper we have reviewed different applications of correlation function techniques in heavy ion collisions. allows disentangling the different reaction mechanisms. Specifically, central collisions leading to complete or quasi-complete fusion were identified both for the medium-heavy and for the light systems.
In the case of the light systems, the complete charge detection allows a precise identification of the emission source as 24 Mg, at an excitation energy E * = 62.4 MeV. We have especially focussed on multiple α emission channels, thought to bear information on exotic α-cluster states which could be populated at high excitation energy. 32 For the exotic decay channel of a highly excited 24 Mg into six α particles, the correlation function technique shows that the decay is essentially sequential, due to an important contribution of intermediate Be states. In the case of the medium-heavy systems, the excitation energy of the fused source of the order of 3.3 AMeV is sufficiently high to lead to the opening of the multifragmentation channel. Excited light fragments are emitted from the multi-fragmenting source, and subsequently decay to their ground state through evaporation. For these reactions, the correlation function technique allows extracting both information on the multi-fragmenting source, and on the secondary evaporation chain. The multi-fragmenting source was characterized in terms of size, lifetime, temperature, density and symmetry energy. Concerning the evaporation chain, we have especially focussed on the physical origin of the observed staggering in the fragment distributions. We have shown that such effects originate from a complex interplay between pairing effects in the nuclear masses during the last evaporation step, and in the level density during the previous step of the desexcitation chain. Peripheral collisions associated to the decay of a quasi-projectile source could also be identified in both reaction sets. For the medium-heavy system, an exact (N,Z) identification of the decaying source is not possible, but the correlation analysis allows studying the qualitative evolution with mass number and excitation energy of the nuclear temperature and symmetry energy. In the case of the light systems, the complete reconstruction of the reaction kinematics allows identifying the specific 12 C decay, without any contamination from other direct reactions. In particular the decay of the Hoyle state could be studied with the correlation function technique. A dominant sequential mechanism is observed, even if a small contribution of a linear α chain cannot be excluded. The results presented in this contribution give only a small snapshot of the rich and detailed information that can be extracted from multi-detectors on heavy-ion collisions. With these experimental resources, a complete study of nuclear thermodynamics is potentially at hand. This includes the characterization of nuclear temperature and symmetry energy as a function of the mass, charge, excitation energy, and isospin content of evaporation and multifragmentation systems. A detailed study of the systematics of the nuclear level density as a function of mass and isospin can also be achieved through the reconstruction of excited resonances prior to their particle decay. The persistence of α-clustered states at high excitation energy in light and mediumheavy even-even nuclei can be assessed, as well as the geometrical structure of these states. This challenging program requires a systematic study of a large set of reactions throughout the nuclear chart, and a complete detection of the reaction products both in mass and charge. Moreover, disentangling entrance channel effects in a fully reliable way demands not only a complete or-quasi complete detection, but also the availability of different projectile and target combinations to access the same excited nucleus through different reaction mechanisms. The developement of new generation multi-detectors 44 and rare ion beam facilities in different laboratories (RIKEN, SPES, SPIRAL2, RAON, FAIR) are essential elements for the future success of this ambitious programme.
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